Introduction
The fossil record of the Gramineae is incomplete (GOULD and SHAW 1983) , and according to THOM-ASSON (1980 , 1987b , most fossil grasses described prior to 1927 were based on little factual evidence. However, paleoagrostology has come a long way since the 1920s and recent studies of fossil grasses based on micromorphological features have increased considerably the reliability of their taxonomic determinations (THOMASSON1980, 1984 (THOMASSON1980, , 1987a THOMASSONet a1. 1986 ).
Based on the distribution of extant grasses, some investigators have postulated that grasses may have had their beginnings during the Upper Mesozoic (BROWN and SMITH 1972; BRAZIER 1973) . Although grass pollen may have occurred in the Maastrichtian (KEDVES 1971) , the earliest generally accepted record of fossil grasses is based on monoporate, grass-like pollen in the Paleocene of Brazil, Africa, and Australia (HARRIS 1965; PAREZRlGALI et a1. 1974; ADEGOKEet a1. 1978; MULLER 1981) . Plant megafossils of Gramineae do not appear in the geologic record until the Paleocene / Eocene (LITKE 1968; CREPET and FELDMAN 1989) and grass anthoecia of Oligocene, Miocene, and Pleistocene age have been reported from various sites in the United States (THOMASSON 1987a (THOMASSON , 1987b .
The permineralized grasses described in this report were collected on the surface in a small valley along Sperry Wash in the Alexander Hills near the southeastern edge of Death Valley National Monument, California ( fig. I ). The rocks containing the grass plants were eroded from the sediments of the Manuscript received May 1989; revised manuscript received January 1990. surrounding hills, which are referred to as the China Ranch beds (MASON 1948; WRIGHT 1954) . They are 5,000 ft (1,538 m) or more in thickness and are unconformably overlain in some nearby areas by conglomeratic lake deposits of Pleistocene age (NOBLE and WRIGHT 1954) . The China Ranch beds have been correlated with the Funeral Formation (NOBLE 1941) , and consist mostly of beds of fanglomerate and siltstone, some of which are ?ypsiferous. The upper beds also include marly hmestones and tuffs (WRIGHT 1954) . In the Funeral Peak Quadrangle, which occurs northwest of the Alexander Hills, the Funeral Formation unconformably overlies the Greenwater volcanics, which, in tum, rests with an angular unconformity on the Furnace Creek Formation (DREWES 1963; FLECK 1970) . A radiometric date of 5.4 ± 0.2 Ma for the Vitrophyre Member of the Greenwater volcanics P!Ovides a maximum age for the Funeral FormatIon (FLECK 1970) , and thus, the China Ranch beds. Both DREWES (1963) and FLECK (1970) considered the Funeral Formation to be Late Pliocene to Pleistocene(?) in age. Based on pollen analysis, a Pliocene age was also inferred for part of the Funeral Formation (AXELROD and TING 1960; HUNT and MABEY 1966) .
According to WRIGHT (1954) , with the except~on of wood fragments and a few bird tracks, the Chma Ranch beds were considered to be unfossiliferous. STRONG (1966) later reported permineralized tree ferns, palm axes, cycads, rootlets, and material she called petrified bog from this locality. She mentioned large logs buried in soft, clay-like ash, one of which was subsequently identified as Populus sp. (PAGE 1969) , and in our recent collections, another as Betula sp. Fossil tree ferns or cycads were not collected from this locality, and based on the paleoecology of this site, it is very unlikely they were ever present. However, poorly preserved palm bases that superficially resemble cycad stems were uncovered in these beds. Other evidence of fossil palms at this locality, such as numerous roots, axes, and flowers, are also associated with the fossil grasses described in this report. Fronds of a fossil palm similar to Washingtonia sp. occur as impressions on the marly limestone beds.
Material and methods
The permineralized grass specimens referred to in this paper were first brought to our attention by EVE STICHKAand JAMESSTICHKAof Walnut Creek, California, who had discovered them in Sperry Wash during an earlier collecting trip. A subsequent trip was made to this area to locate additional material and to detennine other associated fossil plant types. These other plant remains are essentially palmaceous and consist mainly of palm roots, which in some areas are so numerous as to literally form a large portion of several low hills. Thin-section slides of the specimens of fossil grass were used to study the anatomy of the plants. Some grass specimens were also dissolved in HCl and HF to remove the silicates and obtain organic material that was collected, freeze-dried, combusted to CO2, and then analyzed for its fl I3 Cj' 2 C ratios. ETYMOLOGY.-The specific epithet honors EVE SncHKA and JAMES SnCHKA of Walnut Creek, California, for donation of most of the fossils.
Description
The rhizome of Tomlinsonia stichkania studied ( fig. 6 ) is 6 mrn in diameter and consists of a poorly preserved epidermis surrounding a three-layered hypodermis, a single indistinct ring of large vascular bundles near the rhizome center, and numerous smaller bundles scattered throughout the parenchymatous ground tissue. Oblique bundles appear to connect with bundles in the culms.
The central solid to hollow culms are surrounded by alternating leaf sheaths (figs. 2, 3, 5). Sheaths are broader in their middles, tapering toward their margins ( fig. II) , which although overlapping around the culm are free from one another. A distinct keel is present in one leaf sheath ( fig. 16 ).
The culms, .5-1 mm in diameter, are circular or oval with a wavy outline of ridges and grooves (figs. 2, 3, 5) . Squarish, four-sided, and moderately thick-walled epidermal cells form a single layer around the culm ( fig. 13 ). They are about as long (3.5-4 J.Lm)as wide (2.5-3 J.Lm),sometimes longer. No hairs are present, or at least, none have been observed, and no definite girders or sclerenchyma occur below the epidermis (figs. 12, 13). The hypodermal region is composed of up to three layers of moderately thick-walled, squarish cells that vary from 9-24 J.Lmlong by 7-12 J.Lmwide.
Culms of these permineralized grasses have vascular bundles arranged in a more or less regular circular pattern (figs. 3, 5, 8) with an outer ring of up to 35 small bundles surrounding irregularly arranged one to three inner rings with each ring consisting of six to ten bundles. Inner bundles are often free and scattered throughout the moderately thick-walled, parenchymatous ground tissue (figs. I-lm in size. Usually the ground tissue at the center of the culm is solid with indistinct circles of bundles embedded in its peripheral part. Only one culm has a central cavity. No air canals are present.
Outline of the vascular bundles is oval with the semicircular phloem pole occupying about one-third the height of the bundle (figs. 17, 18). The xylem poles of large bundles have one or two wide, angular to generally oval metaxylem vessels on either flank of the bundle, and a lacuna occurs in some bundles where the protoxylem appears to have disintegrated (figs. 14, 17).
Leaf sheaths with ridges and grooves on their abaxial sides are dorsiventrally flattened in a half- moon shape around the culm ( fig. 19 ). An abaxially projecting midrib with a round keel and complex vasculature is present ( fig. 11 ). Around one culm, a distinct, subcircular keel is present ( fig.  21 ). No lacunae occur in the parenchymatous ground tissue of the midrib or the mesophyll of the lamina.
The epidermal cells of the leaf and leaf sheath are uniseriate, four-sided, straight, moderately thickwalled, as long as wide or longer. They are similar to the epidermal cells of the culm.
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[JUNE FIGS. 14-18.~Fig.
14, Vascular bundles in the middle section of the mesophyll of a leaf sheath in transverse section. Specimen 3192 (X 120). erally two, circular metaxylem vessels (7-10 fLm) with moderately thickened walls occur on each flank of the bundle and to the right and left of the protoxylem ( fig. 14) .
The bundle sheath is three to six cell layers thick. The hexagonal and elongated tangential cells of each layer are small and about the same size. Their walls are relatively thin and do not appear to be sclerotic. No bundle sheath extensions are present and no sclerenchyma occurs between the bundles.
Minor bundles are subcircular in outline and their xylem and phloem tissues are difficult to distinComparisons, as drawn in table I, suggest that T. stichkania differs from the Late Miocene T. thomassonii Tidwell and Nambudiri (TIDWELL and NAMBUDIRI1989) in that the former has more bundles in the outer ring of its culm. It also has ridges and furrows in the abaxial surface of its leaf sheaths and more distinct keels in its leaves. The latter features are lacking in T. thomassonii. In several modem grasses (i.e., Setaria and Ptychophyllum species), the leaf lamina is convolute as in T. stichkania. Unlike T. thomassonii, the internodes in culms of T. stichkania do not show a groove on one side. A groove is normally found on the side of the culm where a bud is developing (BOR 1960) .
Leaf anatomy has been used to distinguish C4 and C3 grass species (BROWN 1975; HATfERSLEY and WATSON 1976) . Many C3 species are characterized by a chlorenchymatous mesophyll and a double-layered bundle sheath, the inner layer of which is generally of thick-walled cells. Based on its leaf anatomy and low 0 13 C/ 12 C ratios of -24.6%0, which falls within the range of -20 to -40%0 for C 3 plants (LARCHER 1983) , T. stichkania is proposed as a grass with a C3 photosynthetic pathway.
TIDWELL and NAMBUDIRI (1989) described T. thomassonii from the Upper Miocene Ricardo Formation of California. This species has Kranz anatomy and high o 13 C/ 2 C ratios (-13.7%0) that indicates a C4 photosynthetic pathway (NAMBUDIRIet al. 1978) . Assigning fossil C4 and C3 species to the same genus (Tomlinsonia) is not unique and has precedent in modem grass floras. For example, there is no taxonomic reason for separating the C4 and C 3 species of Neurachne into distinct genera (HAT-TERSLEY 1987) , and Alloteropsis semialata from southern Africa has intraspecific photosynthetic pathway variations (ELLIS 1974; BROWN 1975; FREAN et al. 1983 ) with its C4 and C3 types being assigned to the subspecies semialata and eckloniana (GIBBS RUSSELL1983). Other genera that contain both C4 and C3 species are Panicum and Erogrostis (ELLIS 1984; HATfERSLEY 1987) .
Discovery of these permineralized grasses from the China Ranch beds and the Ricardo Formation is significant not only from the viewpoint of their micromorphological features but also because they allow speculation as to the distribution of different photosynthetic pathways in southwestern United States. BROWN and SMITH (1972) postulated that nonKranz grasses originated during Late Mesozoic time and spread into the temperate regions of Laurasia and Gondwanaland.
They assumed that panicoid grasses were the fIrst Kranz species. It is well known that C4 species have greater efficiency for water (EDWARDS and WALKER 1983) and CO2 (GOLDS-WORTHY1975) usage than do C3 species. This capability has led to the speculation that C4 photosynthesis is an adaptation for warm, arid, subtropical 270 BOTANICAL GAZETTE guish from one another. Minor bundles also lack girders or any other sclerotic connecting link to the epidermis. The mesophyll of the leaf lamina can be divided into three sections ( fig. 9 ). An adaxial section consists of three to six layers of tangentially aligned cells that are 5 IJ-m wide by 8 IJ-m long. They parallel and are adjacent to the epidennis (figs. 22, 23). The middle portion is composed of large, moderately thickened, angular parenchyma cells (8-15 IJ-macross), which do not radiate from the bundles, and the parenchymatous abaxial section, made up of smaller cells than the others, is six to eight cell layers wide (figs. 21, 23). The cells of the outennost layer adjacent to the abaxial epidermis, although not palisades, are oriented like this tissue. They are 2.5 IJ-m wide by 3.5 IJ-m long, vertically oriented, and tightly packed. No arm cells, fusoid cells, or cavities are present.
The abaxial epidennis is similar to the adaxial epidermis. Bullifonn cells, stomata, macrohairs, prickles, and minute papillae are not present on either epidennis, and short cells, silica cells, and long cells cannot be distinguished. Slight to moderately tall, rounded ribs (100-250 IJ-m) and shallow to moderately deep furrows (20-50 IJ-m) occur only on the abaxial side of the leaf.
Comparison and discussion
Vegetatively, grasses are generally distinguished by round or flattened, often hollow, jointed culms with solid nodes and alternate, two-ranked leaves (CHASE 1964) . Sedges are the only plants that can be reasonably mistaken for grasses. Their culms are solid or pithy, not jointed, and commonly triangular, and the sheaths of the three-ranked leaves of sedges are generally closed (CHASE 1964; MET-CALFE 1971) .
With the exception of several hollow culms, the false stems of Tomlinsonia stichkania are solid. Culms of com, sugarcane, sorghum, and related grasses are also solid and pithy. Rarely in grasses is there a differentiation of the mesophyll as in T. stichkania. It also differs from other grasses in having two to three layers of vascular bundles in the midribs of its leaf sheaths. In the laterally flattened leaves of some species of funcus, the bundles may occasionally appear to be two-layered, similar to T. stichkania. However, a large bundle can usually be seen at one angle, and two smaller marginal bundles occur at the opposite angle of the keel of these funcus leaves (CUTLER 1969) , thus giving the appearance of being two-layered. The bundles are embedded more or less centrally in the flatter leaves of funcus and are more peripheral in leaves that are circular or oval in section. The shape and composition of the vascular bundles of some members of funcus are similar to those of the fossil, but the remainder of the plant is not. 
Character

Tomlinsonia stichkania (this paper)
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Mesophyll tissue. Minor bundles lack girder cells or any connection with the epidermis Unknown -24.6(CJ to tropical areas (SMITH1976). According to MOORE (1983) , C4 and CAM plants are better suited to increasing aridity and higher temperatures due to their water efficiency. In low temperate regions, C4 photosynthesis is considerably retarded. GOLDS-WORTHY(1975) proposed that C4 photosynthesis evolved when CO2 and O2 atmospheric levels reached present-day ratios. The theory of an oxygen-rich and a COz-depleted atmosphere through geological time suggests that oxygen levels were relatively low during the Late Paleozoic and Early Mesozoic (TAPPAN 1968) . Consequently, C3 photosynthesis was the first to evolve because in the low oxygen atmosphere the most efficient method of photosynthesis was the conversion of ribulose diphosphate to 3-phosphoglyceric acid in the presence of the enzyme RuDP carboxylase (SMITH 1976) . However, in an oxygen-rich atmosphere phosphoglycolates are produced from RuDP and efficient use of CO2 is considerably retarded. It is conceivable, therefore, that C4 photosynthesis evolved when the atmospheric oxygen levels reached the present-day concentration. Oxygen levels fluctuated during Jurassic and Cretaceous periods and an atmosphere with higher oxygen level was proposed for the mid-Cretaceous, declining toward the K-T boundary (TAPPAN 1968; ODUM 1971) . Atmospheric enrichment of CO2 during the Late Cretaceous (70 Ma) could easily have been achieved through widespread volcanism (CLOUDand GIBOR 1970; MOORE 1983) throughout North America. It is possible, therefore, that C4 photosynthesis originated prior to this increase in atmospheric CO2• However, all reported occurrences of C4 fossil grasses are in Miocene and younger strata (NAMBUDIRIet a1. 1978; THOMASSON et al. 1986 ; TIDWELLand NAMBUDIRI1989). Therefore, evidence for the actual age for the beginning of C4 photosynthesis, particularly in grasses, must await discovery of earlier fossils.
The appearance of grass pollen in the Green River Formation of Utah and Colorado in association with members of the Leguminosae, Sapindaceae, and Anacardiaceae implies the existence of a savanna woodland vegetation in the area during the Eocene (MACGINITIE1969). WOLFE (1985, pp. 357-375) , however, considered the Green River plant assemblages to be more similar to a megathermal or very warm mesothermal semideciduous forest. Although plant communities of varying composition and physiognomy constitute savannas, their vegetation typically includes a continuous grass cover with trees and shrubs (COLE 1986) . The possible existence of Eocene savannas in the western United States is also supported by data on faunal adaptations to savanna living conditions (WEBB 1977, p. 359) . According to RETALLACK(1988) , however, fossil soils suggest that despite the associated maladapted faunas, the origin of the grasslands was most likely during the Oligocene. There is evidence from faunal remains (BLACK and DAWSON 1966) that the Rocky Mountain savannas extended into California where seasonal aridity induced rapid growth and expansion of the Madro-Tertiary Geoflora (AXELROD1950; ADDICOTT1970).
Until recently, there were no reports of an open prairie in the Miocene grasslands in the United States (MACGINITIE1962; AXELROD1985; WOLf 'E 1985, pp. 357-375) . However, a diverse fauna of Miocene ungulates with adaptations for coarse fodder intake suggests an extensive grassy vegetation. This coincided with a time span of extensive grass fossils in central North America (ELIAS 1942; THOM-ASSON 1980 , 1984 , 1987a and California (TIDWELLand NAMBUDIRI 1989) . It is known that a major part of the arid to semiarid southwestern United States was covered by a steppe by Pliocene time (WEBB 1977) .
Sediments associated with the plants of T. stichkania may provide a clue to the environment in which they grew. The fanglomerates in the China Ranch beds were originally formed as alluvial fans (LAWSON1925; BULL 1972) that had accumulated during the Late Pliocene. They vary in texture from coarse boulders and megabreccias to pebbles lacking sorting and stratification (NOBLEand WRIGHT 1954) . According to BULL (1972) and ETHRIDGE (1985) , alluvial fans are conspicuous features in semiarid and arid regions where streams dwindle rapidly in size after they leave mountain canyons and immediately drop their larger material, whereas in humid regions, fans normally consist of finer sediments and more gently sloping surfaces. Alluvial fans readily develop in regions of steep slopes rather than where slopes are gentle. The marly limestones in which some of the fossils occur are siliceous and suggest the presence of a small, possibly ephemeral, lake or oasis affiliated with some volcanism (PETTIJOHN1957). The grasses probably grew around this lake, associated with numerous Washingtonia-like palms, poplars, and birch trees, in a valley that was surrounded by relatively steepsloped mountain ranges. This postulated streamside or lakeside environment is similar to the present native environment of Washingtonia palms, which is riparian (SMITH 1958) . They grow natively in desert canyons and around oases in southern California, adjacent Arizona, and Baja California (SMITH 1958) .
AXELRODand TING (1960) projected a 25-inch (63.5 cm) rainfall with both summer and winter storms for the Nova flora in the Funeral Formation (HUNT and MABEY 1966) from the west flank of the nearby Central Panamint Range. Based on the above inferences, this rainfall amount seems high. With regards to the postulated climatic conditions for this region by AXELRODand TING (1960) , it is interesting that FENNEMAN(1931, pp. 348-349) , in comparing Minnesota with Nevada and the Great Basin, noted that if Minnesota had an arid climate like Nevada, it would have desert basins and lakes with only interior drainage. Conversely, if Nevada had the rainfall of Minnesota (20-32 inches or 50.9-81.4 cm), all the basins would fill and eventually overflow to the sea. There is no evidence of the latter happening during the Late Pliocene in the Great Basin.
Apart from the speculative arrival of grasses during Upper Mesozoic times (BROWN and SMITH 1972) , the likely route of C4 grass species into western North America is migration of old world species through Beringia (McKENNA 1975; RUSSEL and ZHAI 1987) . Another possibility is through waif dispersal between North and South America before the Panamanian land bridge was in place ca. 3 Ma (MARSHALL 1988) .
